Human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) replication in human cells is restricted at early postentry steps by host inhibitory factors. We previously described and characterized an early-phase restriction of HIV-1 and -2 replication in human cell lines, primary macrophages, and peripheral blood mononuclear cells.
IMPORTANCE Measures taken by the host cell to combat infection drive the evolution of pathogens to counteract or sidestep them. The study of such virus-host conflicts can point to possible weaknesses in the arsenal of viruses and may lead to the rational design of antiviral agents. Here we describe our discovery that the host restriction factor REAF fulfills the same criteria previously used to describe lentiviral restriction (Lv2). We show that, like the HIV-2 CA, the CA of HIV-1 is a strong determinant of Lv2/REAF susceptibility. We illustrate how HIV counteracts Lv2/REAF by using an envelope with alternative routes of entry into cells. KEYWORDS Lv2, REAF, antiviral I nfection of cells by human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) is initiated by binding of the viral envelope (Env) to CD4. Conformational changes in the viral Env expose a site that can interact with a chemokine receptor, either CXCR4 or CCR5, expressed at the cell surface of CD4 ϩ T cells and primary macrophages (1, 2) . Viruses in general can enter cells through different routes, either directly at the plasma membrane (PM) or through a number of endocytic pathways (3) . Influenza virus is a prototypical virus that enters cells through an endocytic route and requires the acid environment of the late endosome to trigger its fusion to and entry into cells. Since the mechanism of HIV fusion is pH independent (4), it has been widely assumed that HIV fuses at the PM (5) (6) (7) . pH-independent endocytic entry has recently been observed (8) (9) (10) (11) (12) (13) (14) (15) and is thus a possible mechanism of HIV entry; this, however, remains a topic of considerable controversy (16, 17) . Regardless of the route, once HIV fuses at the PM, the conical core is released into the cytoplasm. The viral genomic RNA is reverse transcribed by the virus-encoded RNA/DNA-dependent reverse transcriptase (RT), resulting in virus-encoded RNA-DNA and single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) intermediates. The RNase H activity of RT degrades the RNA from these hybrids, resulting in ssDNA from which the second DNA strand is synthesized (18, 19) . Once reverse transcription is complete, the proviral dsDNA is processed for integration into the host cell genome.
HIV must overcome many cellular barriers to its replication as it journeys to the nucleus to integrate into the host genome (20, 21) . Interferon-induced transmembrane proteins can inhibit virus-cell membrane fusion (22) , and the process of reverse transcription itself is also vulnerable. Immediately after initiation, members of the apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like family of restriction factors induce deoxycytidine to deoxyuridine mutations in the nascent DNA (23) . Further disabling reverse transcription, SAMHD1 depletes the deoxynucleoside triphosphate substrates required (24) . RNA-associated early-stage antiviral factor (REAF) was reported to inhibit HIV and SIV replication during reverse transcription (25) . REAF is intrinsically expressed and provides an initial line of defense against HIV and SIV infection. It associates with reverse transcripts, either ssDNA or RNA-DNA hybrids; however, the precise mechanism of its action is not yet understood. A more recently described restriction factor, MX2/MXB, inhibits replication at a later stage, suppressing nuclear import and provirus formation (26) (27) (28) . Integration is inhibited by the TRIM28 (KAP1)/SETDB1 complex (29) . Once the provirus is integrated, the late phase of the replication cycle begins with the production of viral proteins (30) . A PM-located restriction factor, tetherin/BST2/CD317, prevents viruses from leaving the cell at the late budding stage of the life cycle (31) .
The first lentiviral restriction factor 1 (Lv1) effective against HIV-1 was identified as rhesus TRIM5␣ (32, 33) . Lv1/TRIM5␣ is species specific and active against HIV-1 in nonhuman primate cells. TRIM5␣ forms a lattice around the capsid (CA), resulting in premature disassembly of the conical core (34) . It is not known if Lv2 is species specific. It inhibits HIV-1 and -2 during reverse transcription, and susceptibility is determined by the viral CA (35) . Lv2 differs from Lv1 in that Env is an additional determinant of restriction. Approximately half of HIV-1 and HIV-2 strains are susceptible to Lv2 (35) . Lv3 is a postentry restriction to infection of simian MAGI cells by HIV-1 and, similar to Lv2, is dependent on fusion events at the cell membrane (36) . Lv4 restricts the nuclear entry of SIV isolates in human cells (37) . A recently described restriction to HIV-1 induced by Toll-like receptor agonist TLR7/8 in human monocytes is termed Lv5 (38) . So far, the identities of Lv3, Lv4, and Lv5 are unknown. Here we describe the identification of REAF as a potent component of Lv2.
To identify components of Lv2, we designed a whole-genome small interfering RNA (siRNA) screening method (20) . HeLa-CD4 cells were transfected with an siRNA library targeting 19,121 human genes and then challenged with an HIV-1 89.6 (molecular clone restricted [MCR]) pseudovirus (20) . One factor identified was RPRD2 (here called REAF), which we now show fulfills the characteristics used to define Lv2 (35, 38) .
RESULTS
The HIV-2 molecular determinants of Lv2 restriction were previously mapped by using two HIV-2 molecular clones of isolates derived from the same patient, HIV-2 MCR and HIV-2 MCN , which are differentially sensitive to Lv2. A gene swapping approach between the viruses identified the gag and env genes as critical determinants of Lv2 restriction (39) . These chimeric viruses (shown schematically in Fig. 1A ) were tested to determine if they had the same pattern of susceptibility to REAF.
HeLa-CD4 cells were knocked down for REAF by using specific siRNA (siREAF) or nontargeting control siRNA (cyclophilin B, siCB) ( Fig. 1B) . Figure 1C shows viral rescue in HeLa-CD4 cells following treatment with siREAF and compared with cells treated with siCB. Repeat experiments consistently show, as expected for a virus highly sensitive to Lv2 (39) , that HIV-2 MCR is potently rescued in comparison to HIV-2 MCN (50-fold versus 10-fold; P ϭ 0.004). When env and gag from restricted HIV-2 MCR were inserted in place of relatively insensitive HIV-2 MCN env and gag (HIV-2 MCNmcr envϩgag ), greater sensitivity of this virus to REAF was observed (66-fold). In the reciprocal experiment, where env and gag from HIV-2 MCN replaced the HIV-2 MCR genes (HIV-2 MCRmcn envϩgag ), the resulting chimera was only rescued 3-fold (P Ͻ 0.001). These results for susceptibility to REAF are consistent with the Lv2 phenotype previously described (39) . A single point mutation in HIV-2 MCR CA at position 73 is known to be a critical determinant of Lv2 restriction (previously labeled position 207). Figure 1C shows that HIV-2 MCR CA I73V is rescued only 12-fold from REAF restriction compared to 50-fold for wild-type HIV-2 MCR (P ϭ 0.003).
To confirm these results and for further experiments, we generated HeLa-CD4 cell lines permanently expressing shRNA specific for REAF mRNA. Western blot (WB) analysis shows that the HeLa-CD4-shREAF cells expressed much less REAF protein than the parental HeLa-CD4 cells did (Fig. 1D ). The phenotype of REAF knockdown in this cell line was confirmed by using HIV-2 MCR and HIV-2 MCR CA I73V . HIV-2 MCR was restricted 326-fold, compared to the 33-fold restriction of HIV-2 MCR CA I73V ( Fig. 1E ; P ϭ 0.016).
We previously reported that Lv2 was active in HeLa-CD4 cells, human primary peripheral blood mononuclear cells (PBMCs), and monocyte-derived macrophages (MDMs) but not in U87-CD4-CXCR4 cells (39) . REAF mRNA (data not shown) and protein are present in MDMs and at much lower levels in PBMCs (Fig. 1F ), while WB analysis shows it to be barely detectable in U87-CD4-CXCR4 cells (Fig. 1G) .
As previously reported for Lv2 (39) and further demonstrated here, the HIV-2 determinants for REAF are Env and CA (specifically, amino acid 73). We sought to identify the determinants of REAF restriction for HIV-1. Figure 2A shows that, compared to HIV-1 89.6 , HIV-1 NL4.3 is more resistant to REAF restriction (3-fold versus 21-fold; P Ͻ 0.001). We used HIV-1 NL4.3 to further establish if the equivalent HIV-2 CA mutation 73 plays a role in Lv2/REAF restriction in HIV-1. Using site-directed mutagenesis (SDM), we generated HIV-1 NL4.3 CA I73V . Both wild-type and mutant CAs were pseudotyped with HIV-2 MCR Env and/or HIV-1 NL4.3 Env and tested for their susceptibility to REAF by using the HeLa-CD4-shREAF cell line. Figure 2B shows that wild-type HIV-1 NL4.3 CA is only weakly susceptible to REAF when pseudotyped with HIV-1 NL4.3 Env. However, when the CA is mutated (HIV-1 NL4.3 CA I73V [NL4.3]), the restriction is more potent but still relatively weak compared to that of HIV-2 (15-fold, compare to Fig. 1E for HIV-2). CA I73V was further restricted when pseudotyped with HIV-2 MCR Env (21-fold, P ϭ 0.03) but not when pseudotyped with HIV-2 MCN Env (16-fold, no significant difference). Thus, CA amino acid 73 and Env are determinants of Lv2/REAF restriction for both HIV-1 and HIV-2.
The CA amino acid at position 73 lies in the binding domain of the cleavage-and polyadenylation-specific factor 6 (CPSF6) protein (40) . This is of particular interest, as the adjacent CA mutation (N74D) has been shown to affect the sensitivity of HIV-1 to the depletion of nuclear pore proteins RanBP2, Nup153, and TNPO3 (41, 42) .
N74D is an HIV-1 escape mutant that was generated by the passage of HIV-1 NL4.3 in cells expressing artificially mutated CPSF6-358, which perturbs HIV-1 nuclear entry (42) . CPSF6 is a pre-mRNA processing protein that shuttles between the nucleus and the cytoplasm (43) . The mutant form CPSF6-358 lacks a C-terminal nucleus-targeting arginine/serine-rich domain and so is confined to the cytoplasm and restricts HIV-1 before nuclear entry (42, 44, 45) .
We tested whether the Lv2/REAF HIV-2 CA determinant I73V was similar to N74D with respect to resistance to CPSF6-358. Another mutant CA with a P38A mutation, which is located outside the CPSF6 CA binding region, was included as a negative control (46) . HeLa-CD4 target cells permanently expressing mutant CPSF6-358 (HeLa EKVΔCPSF6-358) or the vector alone (HeLa EKV) (40, 47) were challenged with pseudotypes carrying a mutant or wild-type CA. Figure 2C shows that, as expected, infection of the pseudotypes with wild-type and P38A mutant CA-producing virus was inhibited (62-and 73-fold, respectively). However, both CA mutants HIV-1 NL4.3 CA I73V (vesicular stomatitis virus G protein [VSV-G]) and HIV-1 NL4.3 CA N74D (VSV-G) were resistant to CPSF6-358 (3.3-and 1.6-fold; both P Ͻ 0.001).
Given this similarity in resistance to CPSF6-358, we also sought to determine whether, similar to I73V, N74D is more susceptible than the wild-type virus to REAF restriction. HeLa-CD4 and HeLa-CD4-shREAF cells were challenged by pseudotypes with either wild-type or mutated CA. Figure 3A shows that HIV-1 NL4.3 (MCR) was rescued 13-fold. Surprisingly, HIV-1 NL4.3 CA N74D (MCR) is even more restricted and was rescued 53-fold (P Ͻ 0.001), suggesting that N74D mutant CA is a more potent determinant of REAF restriction in HIV-1.
As well as being less sensitive to CPSF6-358, N74D mutant CA has a more stable conical core, which results in delayed disassembly and reverse transcription (48) . It is thought that optimal disassembly of the conical core is required for successful infection, as mutations interfering with core stability often result in a disturbance of reverse transcription kinetics (46, (49) (50) (51) . We previously reported that REAF was transiently downmodulated shortly after infection (25) . We hypothesized that unstable CAs will prematurely disassemble and expose reverse transcripts to REAF. The corollary of this is that CAs that disassemble too late will miss the time window during which REAF is absent. To test the hypothesis that CA stability is a determinant of REAF/Lv2 restriction, we investigated the REAF susceptibility of mutant CAs with various levels of stability. P38A mutant CA, in contrast to N74D mutant CA, is highly unstable (46, 52) , while G94D mutant CA is unaffected (48) . The G89V mutation in the cyclophilin binding loop was chosen because it has previously been shown to affect sensitivity to host restriction factors (46, 47, 50, 51) . P38A mutant CA is also distinct from N74D mutant CA in that it is sensitive to CPSF6-358 ( Fig. 2C) . Figure 3C to E show the infectivity of all three mutant CAs. HIV-1 NL4.3 CA P38A (MCR), HIV-1 NL4.3 CA G89V (MCR), and HIV-1 NL4.3 CA G94D were severely compromised on HeLa-CD4 cells compared to wild-type CA (titer of Ͻ500 focus-forming units [FFU]/ml; Fig. 3B ). However, their replication was rescued in the absence of REAF, similar to that of HIV-1 NL4.3 CA N74D (MCR) ( Fig. 3F ; all P Ͻ 0.001).
We showed above that, in addition to CA, HIV-1 Env also confers sensitivity to REAF (Fig. 2B ). We previously determined that HIV-2 MCN Env has the ability to overcome Lv2 (35, 39) . If REAF is Lv2, HIV-2 MCN Env would overcome REAF restriction. HeLa-CD4-shREAF cells were challenged with HIV-1 NL4.3 with the wild-type CA pseudotyped with HIV-2 MCN Env. As expected, the wild-type HIV-1 NL4.3 CA was only slightly restricted and the HIV-2 MCN Env could reduce this to a small but significant degree (5.6-to 3.1-fold; P ϭ 0.007) (Fig. 4A) . In contrast, the HIV-1 NL4.3 strains carrying REAF-sensitive CA with the N74D, P38A, G89V, and G94V mutations were potently rescued with the HIV-2 MCN Env (Fig. 4B to E, all P values Ͻ 0.001), further confirming that REAF and Lv2 are similarly rescued by viral Env.
DISCUSSION
Here we show that REAF is a major component of the previously described restriction Lv2 (35, 53, 54) . HIV chimeric viruses and mutants that delineate susceptible and resistant clones demonstrate that Lv2 and REAF are indistinguishable. Both Lv2 and REAF restriction activities are molecularly determined by viral Env and CA. The amino acid at position 73 in the HIV-2 CA was a crucial determinant of Lv2 and confirmed here for REAF (39) . The equivalent amino acid at position 73 also affects HIV-1 susceptibility to REAF. Although the effects of I73V are statistically significant, they are much weaker than those of HIV-2. Indeed, the same amino acid substitution rendered HIV-2 MCN less susceptible but HIV-1 NL4.3 more susceptible to REAF. This led us to the hypothesis that the overall structure or stability of the CA, rather than precise molecular interactions, is critical. It has been proposed that disassembly too early prior to localization at the nuclear pore would result in exposure to restriction factors and premature termination of reverse transcription (19, (55) (56) (57) (58) . Indeed, it has been proposed that HIV-1 disassembly involves a regulated collapse of the conical core that protects viral reverse transcription complexes (59) . Also, it has been shown that disassembly occurs within an hour of fusion and is facilitated by reverse transcription (60) (61) (62) . We have observed that cellular REAF is reduced within 1 h of a viral challenge, but importantly, levels are rapidly replenished an hour later (25) . REAF associates with viral nucleic acid and restricts replication during reverse transcription (25) . We therefore suggested that the temporary reduction of the REAF protein level allows viruses to reverse transcribe in the absence of REAF-associated activity. This model is in keeping with the notion that CA stability is a determinant of REAF-associated restriction. We further tested the hypothesis that CA stability is a determinant of REAF susceptibility by using already wellcharacterized mutants with different CA stabilities. Compared to the I73V mutant CA (20-fold), more potent effects (Ͼ50-fold) were observed with the P38A (unstable), N74D (hyperstable), and G94D (unaffected) mutant CAs (48) . Since all of these CA mutations result in greater susceptibility to REAF-associated activity despite having divergent CA stabilities, we cannot conclude that CA stability is a major determinant of susceptibility to REAF. Regardless, we show that the CA is a strong determinant of REAF restriction in HIV-1. Given the multifunctional role of CA in HIV-1 replication (63), understanding the role of CA in susceptibility to REAF-associated activity may shed light on more specific interactions of CA with host cell factors required for efficient infectivity of HIV.
It is highly controversial whether or not infectious HIV conical cores enter the cytoplasm after fusion at the PM or through an endocytic route (8-17, 35, 53) . Our previous observation of Lv2 suggests that although either route is possible, infection is more successful when the virus fuses at the PM and avoids an endocytic entry pathway (35, 53) . Our results here confirm that, like Lv2, the choice of entry route, as determined by the viral Env, is a determinant of susceptibility to REAF-associated activity. HIV-1 NL4. 3 can be rendered sensitive to REAF if pseudotyped with HIV-2 MCR , while the HIV-2 MCN Env cannot. These previously characterized HIV-2 Envs fuse either at the PM (MCN) or via an endocytic route (MCR) (35, 38) . Furthermore, all of the CA mutants that were
